Supergenes, clusters of tightly linked genes, play a key role in the evolution 46 of complex adaptive variation [1, 2] . While supergenes have been identified in many 47 species, we lack an understanding of their origin, evolution and persistence [3]. Here, we 48 uncover 20-40 MY of evolutionary history of a supergene associated with polymorphic 49 social organization in Formica ants [4]. We show that five Formica species exhibit 50 homologous divergent haplotypes spanning 11 Mbp on chromosome 3. Despite the 51 supergene's size, only 142 single nucleotide polymorphisms (SNPs) consistently 52 distinguish alternative supergene haplotypes across all five species. These conserved 53 trans-species SNPs are localized in a small number of disjunct clusters distributed across 54 the supergene. This unexpected pattern of divergence indicates that the Formica 55 supergene does not follow standard models of sex chromosome evolution, in which 56 distinct evolutionary strata reflect an expanding region of suppressed recombination (e.g. 57
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The supergene shared by multiple Formica species provides a great opportunity to 137 reconstruct how alternative haplotypes evolved. We identify regions of the supergene that 138 are consistently differentiated between social forms across the Formica species. By 139 mapping conserved trans-species SNPs associated with social organization and 140 reconstructing the phylogenetic topology across the Formica social supergene, we 141 investigate whether recombination was suppressed at different times across the length of 142 the supergene, forming evolutionary strata. 143
If the Formica supergene evolves according to the expanding strata model, one 144 region of the supergene is expected to exhibit an 'old strata' topology, wherein the 145 haplotypes of all five species cluster by social form. Other regions might exhibit 146 intermediate strata topologies, wherein alternative supergene haplotypes cluster among 147 closely related species but not distantly related species. The recombining ends of the 148 supergene are expected to follow a 'young strata' topology, wherein individuals cluster 149 by species regardless of social form. Moreover, the expanding strata model predicts that 150 the old and intermediate strata would span entire inversions, such that each inversion 151 would be acquired sequentially during the evolutionary history of the supergene. In 152 contrast, models of genome evolution within single inversions predict that only inversion 153 breakpoints and loci under selection will remain differentiated in very old inversion 154 polymorphisms [22, 23] . 155
We sequenced the genomes of representatives of each social form from the five 156 focal Formica species, aligned them to a new chromosome-level genome assembly for F. 157 selysi, and plotted the number of trans-species fixed differences per 1 kbp window 158 between the monogyne-and polygyne-associated haplotypes ( Figure 2 ). Moreover, we 159 identified transitions in phylogenetic topology across the supergene with a hidden 160
Markov model implemented in Saguaro [24] . Contrary to the predictions of the 161 expanding strata model, we found multiple very small regions containing 142 conserved 162 trans-species SNPs that clustered by social form (Figure 2A ). These regions matched 163 sections of the supergene with 'old strata' topologies ( Figure 2B ). The cumulative length 164 of these small disjunct conserved regions with 'old strata' topologies was 136 kbp, which 165 amounts to only 1.2% of the non-recombining supergene or 0.96% of the entire 166 6 chromosome. No such conserved trans-species SNPs were found on any other 167 chromosome, across a total of 11.4 million SNPs genome-wide. 168
Small regions with trans-species fixed SNPs could be due to balancing selection 169 or physical constraints (e.g. inversion breakpoints) that prevent recombination from 170 homogenizing these genomic regions [22] . To distinguish between these hypotheses and 171 further test the expanding strata model, we identified genomic rearrangements between 172 the alternative supergene haplotypes. We constructed high density linkage maps using 173 ddRAD genotypes from the female offspring of two Sp/Sp F. selysi queens (112 174 offspring total, 1792 and 3688 markers, mean sequence depth 36.6). We also constructed 175 a linkage map from the male offspring of one Sm/Sm F. exsecta queen (67 offspring, 176 4603 markers, mean sequence depth 17.3) to determine whether the structure of the Sm 177 haplotype is conserved across species. We mapped the positions of the old, intermediate, 178
and young strata onto the F. selysi Sm genome. We then aligned the genome to the 179 linkage maps. The Sm haplotype of F. exsecta was collinear with that of F. selysi (Figure  180 3). The conserved gene order on the Sm haplotype suggests that this haplotype is 181 ancestral. In contrast, the alignment of the Sp haplotype of F. selysi to the Sm genome 182 revealed at least four inversions along the length of the supergene (Figure 3 ). Regions of 183 the supergene exhibiting the 'old strata' topologies were not localized on a single 184 inversion, but instead were distributed across the supergene (Figures 2, 3 ), suggesting 185 that haplotypes spanning the entire non-recombining region began to diverge prior to the 186 divergence of all the Formica species we examined. At least some trans-species fixed 187
SNPs were not close to inversion breakpoints based on a qualitative assessment of the 188 linkage maps, suggesting that balancing selection, and not exclusively structural 189 constraint, plays a role in maintaining these SNPs. Occasional recombination is suggested 190 by intermediate strata topologies that were patchily distributed across the length of the 191 supergene ( Figure 3 ). As expected, the recombining regions at the ends of the supergene 192 followed the 'young strata' pattern ( Figures 2, 3) . 
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We previously observed evidence of rare recombination between Sm and Sp haplotypes 198 in F. selysi [4] , and similar observations have been recorded in the fire ant supergene 199 system [28] and in a newly described inversion polymorphism in the great tit [29] . Under 200 this alternative "eroded strata model", an initial event, such as an inversion, greatly 201 SNPs and identify candidate genes determining alternative social organization, we 215 sequenced the genomes of 10 additional European Formica species ( Figure 2 ). Six of 216 these additional species spanning three subgenera matched the Sm haplotype for 126 out 217 of the 142 conserved SNPs associated with social organization in the initial comparative 218 analysis of 5 focal species. One Formica sensu stricto matched the Sp haplotype across 219 113 of 135 conserved SNPs. Finally, three species had excess heterozygosity across the 220 whole supergene and were heterozygous at a subset of the conserved SNPs ( Figure 2) . 221
Overall, only 20 SNPs were conserved across all 15 Formica species. All but one of these 222 conserved SNPs were located in the last exon and 3' untranslated region of the gene 223 Knockout (Figure 2 ). The gene Knockout is a storkhead-box transcription factor essential 224 Whether other supergenes follow the eroded strata model is not yet clear, but 229 several common characteristics suggest that some might do so. The Formica social 230 supergene and the ruff autosomal supergene appear to differ from ancient sex 231 chromosomes by the occurrence of rare events of recombination between alternative 232 haplotypes [4, 33, 34]. The independent supergenes underlying coloration and mating 233 strategies in ruffs and white-throated sparrows likely originated from inversions [33] [34] [35] . 234
Both of these avian supergenes are much younger than the Formica supergene and are 235 only found in a single species, which limits the possibility to test whether they follow an 236 eroded strata model. Alternative haplotypes at the supergene underlying mimetic 237 coloration in Heliconius numata apparently evolved sequentially, with one alternative 238 haplotype containing a single inversion and a second alternative haplotype harboring the 239 initial inversion and an adjacent second inversion [36] . The diversity of color patterns can 240 be traced to a relatively small number of genetic 'modules' that underlie different color 241 patches on butterfly wings [37] . As in the Formica supergene, the 'modules' often span 242 very small portions of the genome and exhibit a different evolutionary history from one 243 another and from whole genome patterns. Jay et al. [10] demonstrate that these 244 alternative topologies result in some cases from introgression of modules between 245 species. The contribution of introgression to evolutionary patterns in the Formica 246 supergene remains to be investigated. 247
Recent studies discovered that independent, convergent supergenes underlie 248 polymorphisms in social organization in at least three ant lineages (Solenopsis invicta, 249
[38]; Formica selysi, [4]; Leptothorax acervorum, [39]). We do not yet know the extent 250 of similarities in the evolutionary history of these convergent 'social' supergenes [4, 38] . Our study of the Formica supergene suggests several directions for future 261 research. So far, we have investigated the DNA sequence differences between alternative 262 supergene haplotypes in multiple species; comparison of gene expression patterns 263 between individuals with each genotype across different species, both in general and 264 within the candidate genes identified herein, could provide insights into the functional 265 differences of each haplotype. Moreover, we have not analyzed copy-number variation 266 in the Formica supergene haplotypes, but identifying haplotype-specific duplication or 267 deletion of genes, or insertion of transposable elements, could point to variants that affect 268 the different functions of the Sm and Sp haplotypes (e.g., [33, 43] ). Both of these future 269 directions would be enhanced by the development of high quality genome assemblies for 270
additional Formica species, which would allow more precise identification of inversion 271 breakpoints on the Sp haplotype (e.g., [43] ) and enable researchers to test the robustness 272 of our results when aligning to different genomes. Given the variation in genetic control 273 and haplotype diversity uncovered in F. lemani and F. cinerea, it would also be valuable 274 to examine non-genetic influences on social structure in these species, and to more 275 broadly investigate geographic variation in the strength of association between the 276 supergene and social organization by sampling a larger number of species across their 277
range. 278
Overall, this comparative analysis revealed that at least five species of the genus 279
Formica separated by up to 20-40 MY of independent evolution harbor an ancient 280 supergene that contributes to polymorphism in social organization. This ancestral 281 supergene followed an unusual evolutionary trajectory. We suggest that rare 282 recombination between alternative haplotypes in different lineages reduced trans-species 283 divergence, resulting in patterns of genetic differentiation that differ markedly from the 284 expanding strata expected under standard models of sex chromosome evolution. The 285 genomic signature of this novel "eroded strata model" is the presence of very small 286 clusters of conserved trans-species SNPs that consistently differ between alternative 287 haplotypes across multiple species. Across the Formica genus, these conserved trans-288 species SNPs highlight regions of the supergene that likely have an important function 289 both in its inception and in the ongoing control of colony social organization. The great 290 diversity in origin, structure, size, and evolution of autosomal and sex-linked supergenes 291 is intriguing. Further comparisons will reveal which key biological differences send 292 supergenes on divergent evolutionary trajectories. the species based on genome-wide SNP data, excluding chromosome 3, is indicated on 320 the right (F). Note that the maximum differentiation between monogynes and polygynes 321
is influenced by the ploidy and the population genetic structure of the sequenced 322
individuals (Table S1 ). See also Figures S1, S2 and Table S1 . 323 324 haplotypes across all 15 species. See also Figure S1 and Table S1 . lineages, resulting in a pattern wherein young strata exhibit lower trans-species 366 differentiation than old strata (time series of plots at right). The topologies in the central 367 panel show the relationships between haplotypes and species for the young and old strata 368 scenarios, with colors matching the strata colors shown in each tree. 369 370
STAR Methods: 371
Detailed methods are provided in the online version of this paper and include the following: Table  385 Attached as separate document 386 387
Lead Contact and Materials Availability 388
Further information and requests for resources and reagents should be directed to and will 389 be fulfilled by the Lead Contact, Alan Brelsford (alan.brelsford@ucr.edu). There are 390 restrictions to the availability of tissue and DNA samples due to the lack of an external 391 centralized repository for their distribution and our need to maintain the stock. We are 392 glad to share oligonucleotides with reasonable compensation by requestor for processing 393 and shipping. 394 395
Experimental Model and Subject Details 396
With the exception of the linkage map of the F. selysi Sp haplotype, all ants used in this 397 study were collected in the wild (sample sizes and localities for each species in Table S1 ). 398
For the F. selysi Sp haplotype linkage map, we obtained captive-reared offspring of two 399 mature queens from polygynous field colonies in Finges, Switzerland. The supergene 400 genotype of these two queens had been previously determined to be Sp/Sp [11] . Queens 401 were kept in isolated plastic nest boxes (15 x 13 x 6 cm) containing a tube with water and 402 ad libitum access to ant food consisting of agar, egg, and sugar, with at least 20 nestmate 403 workers, and left to produce eggs. These queens produced 35 and 77 newly emerged 404 worker offspring, respectively, and we collected these for linkage mapping. All ants used 405 in this study were stored in 100% ethanol prior to DNA extraction. 406
Method details 408
Supergene presence in multiple species 409
We collected workers and males from colonies of four Formica species (F. 410 cinerea, F. exsecta, F. lemani, F. truncorum; sample sizes and countries of origin in 411
Supplementary Materials Table S1 ). DNA was isolated from the head and thorax of each 412 ant using a DNeasy Blood and Tissue kit (Qiagen). We collected ddRAD sequence data 413 on these individuals using the protocol of [59], using restriction enzymes EcoRI and 414
MseI. Briefly, we digested genomic DNA with EcoRI and MseI, ligated barcoded 415 adapters to the resulting fragments, removed short fragments with AMPure magnetic 416 beads, amplified fragments using PCR primers incorporating an index sequence, pooled 417 the resulting amplicons, selected fragments of 300-500 bp by agarose gel electrophoresis, 418
and performed a final AMPure bead cleanup on the pooled, size-selected library. 419
Libraries were sequenced at the Lausanne Genomic Technologies Facility on an Illumina 420
HiSeq 2500 with 100bp single-end reads. For a subset of individuals, colony social 421 structure had been previously determined through parentage analysis of microsatellite 422 
Linkage maps 436
We collected ddRAD sequence data on offspring of two F. selysi homozygous 437 Sp/Sp queens (77 and 35 newly emerged workers, respectively) and 67 males collected 438 from a monogyne F. exsecta colony. Library preparation, sequencing, and SNP calling 439 were carried out as described above in the Supergene presence in multiple species 440 section. We filtered raw variant calls separately for each mapping family using VCFtools 441 version 0.1.13 [47], retaining genotypes of SNP and indel variants with quality score >20, 442 and variants with <20% missing data per family and per-family minor allele frequency 443 >15%. We then inferred linkage maps for each family using MSTmap [49], using the 444 Kosambi mapping function and p-value cutoffs of 5e-5 for the smaller F. selysi family 445 and 5e-6 for the F. exsecta family and larger F. selysi family; full parameter sets are 446 reported in Table S2 . Linkage maps for two Sp/Sp families were merged using 447
MergeMap [50], weighting each map by the number of individuals used to construct it. 448
Genome assembly 449
We collected 20 males from a single monogyne colony. High molecular weight 450 Table S3 . 469
Assembled contigs were joined into chromosome-level scaffolds using a 470 consensus linkage map, constructed using MergeMap [50] on three F. selysi families (one 471 SmSm, [4]; two SpSp, this study) and one F. exsecta family (SmSm, this study), 472 weighting each map by the number of individuals used to construct it. The two SpSp 473 families were excluded for Scaffold 3. We extracted 1 kbp of sequence surrounding each 474 mapped marker from the highly fragmented Illumina genome assembly [4], and aligned 475 these sequences to the PacBio contigs using Blastn. All contigs containing at least two 476 markers with different positions on the linkage map were placed and oriented on the 477 linkage map; scaffolds were constructed manually based on contig order and orientation 478 on the linkage map. 479
Whole-genome sequences 480
Based on the PCA results, we selected haploid or homozygous exemplars of the 481 Sm and Sp haplotypes in each species for whole-genome sequencing (Tables S1, S4). We 482 sequenced one individual for each of the two Sp haplotypes found in F. lemani. 483
Additionally, we sequenced the genomes of one individual from each of ten additional 484 species and three outgroup species (Iberoformica subrufa, Polyergus vinosus, Polyergus 485 mexicanus) to an average depth of 9.6x. Library preparation and sequencing were 486 performed at the Lausanne Genomic Technologies Facility and the UC Berkeley Vincent 487
Coates Genome Sequencing Laboratory (see Table S4 for sample ID, sequencing 488 platform, and read depth). 489
We mapped reads to the F. selysi genome using Bowtie2 reference genome and the NCBI nr database using blastn v2.7.1+. Finally, we extracted 499 the genotypes of these fixed SNPs in the ten additional Formica species, to determine 500 which regions of the supergene continue to exhibit an "old strata" pattern even with 501 increased species sampling. 502
We used a Hidden Markov Model implemented in Saguaro [24] to identify 503 regions of linkage group 3 with phylogenetic tree topologies matching the "old strata" 504 expectation, and regions with topologies matching the species tree, in the five focal 505
species. 506

Phylogeny and dating 507
To obtain aligned sequences in fasta format suitable for phylogenetic analyses, we 508 ran the vcf2fq command in the vcfutils.pl module of Samtools 0.1.19 [46] on each bam 509 file resulting from the previously described Bowtie2 alignment of whole-genome 510 sequence data to the F. selysi reference genome. We extracted the chromosome 1 511 consensus sequence from each individual and concatenated these into a single aligned 512 fasta file. 513
The phylogeny of the 18 species (15 ingroup species of Formica and three 514 outgroup species of Polyergus and Iberoformica) was reconstructed using the 515 chromosome 1 sequence alignment. Phylogenetic reconstruction was performed using 516 maximum likelihood (ML) criterion with IQ-TREE version 1.6.3 [55] and the model 517 GTR+G+I. Ultrafast bootstrap analysis with 1000 replicates was conducted to assess 518 node support in IQ-TREE version 1.6.3 [64] . 519
To generate a small dataset for BEAST analysis, we first split the scaffold one 520 sequence alignment into 10 kbp non-overlapping windows. After removing the windows 521 that only contain uncalled bases or one taxon, 1532 windows were retained for further 522 analyses. The ML tree and 100 rapid bootstrap replicates were then inferred for each 523 
Quantification and Statistical Analysis 541
For the two species with observed mismatches between supergene genotype and social 542 structure (F. lemani and F. cinerea), we tested the significance of association between the 543 presence of an Sp haplotype (Sp/Sp homozygotes and Sm/Sp heterozygotes were both 544 coded as "present") and polygynous social origin using Fisher's exact test implemented 545 in R 3.3.1. 546
Data and code availability 547
The F. selysi genome assembly has been deposited to NCBI Genome (Bioproject 548 PRJNA557079). PacBio sequence data has been deposited to NCBI SRA (Bioproject 549 PRJNA559791). All new ddRAD and whole-genome sequence data has been deposited to 550 NCBI SRA (Bioproject PRJNA557080). Previously published F. selysi sequence data for 551 used in this study is available on NCBI SRA under Bioprojects PRJNA260443 (whole-552 genome) and PRJNA260459 (ddRAD). Linkage maps and a Each dot corresponds to an individual worker or male; supergene heterozygotes tend to have excess heterozygosity resulting in a strongly negative F IS value. In F. lemani and F. cinerea, we found evidence for a third supergene haplotype. Two of the three alternative supergene haplotypes in both species were much more common in individuals of polygyne origin compared to those of monogyne origin; we therefore infer that these systems contain two alternative Sp haplotypes and one Sm haplotype. In both systems, we also find mismatches between supergene genotype and colony social structure. 
